This paper reports on the observation and analysis of magnetotransport phenomena in the nonlinear differential resistance r xx = dV xx /dI of high-mobility In x Ga 1−x As/InP and GaAs/Al x Ga 1−x As Hall bar samples driven by direct current, I dc . Specifically, it is observed that Shubnikov -de Haas (SdH) oscillations at large filling factors invert their phase at sufficiently large values of I dc . This phase inversion is explained as being due to an electron heating effect. In the quantum Hall effect regime the r xx oscillations transform into diamond-shaped patterns with different slopes corresponding to odd and even filling factors. The diamond-shaped features at odd filling factors can be used as a probe to determine spin energy gaps. A Zero Current Anomaly (ZCA) which manifests itself as a narrow dip in the r xx (I dc ) characteristics at zero current, is also observed. The ZCA effect strongly depends upon temperature, vanishing above 1 K while the transport diamonds persist to higher temperatures. The transport diamonds and ZCA are fully reproduced in a higher mobility GaAs/AlGaAs Hall bar structure confirming that these phenomena reflect intrinsic properties of two-dimensional systems.
I. INTRODUCTION.
Nonlinear transport phenomena in high mobility two-dimensional electron gas (2DEG) systems have recently received considerable attention, motivated originally by the observation of microwave-induced resistance oscillations which under certain conditions can evolve into zero resistance states in high mobility GaAs/AlGaAs samples.
1-4 These studies have led to other interesting experimental observations, such as nonlinear effects driven by direct current (dc), for example, Hall-effect induced resistance oscillations, zero differential resistance states, and current instabilities. [5] [6] [7] Theoretically, it has been shown that the observed microwave and dc bias driven nonlinear phenomena in high mobility 2DEG samples originate from the non-equilibrium distribution function and Landau quantization. [8] [9] [10] Currently, the above mentioned nonlinear phenomena have been studied exclusively in extremely high mobility GaAs/AlGaAs structures. On the other hand, driven partly by quantum information proposals, there is an increasing interest in InGaAs structures which offer a larger electron g-factor and strong spin-orbit coupling.
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In this work we discuss yet other non-linear phenomena: strong distortion of Shubnikovde Haas (SdH) oscillations leading to phase inversion, and Zero Current Anomaly (ZCA).
Note, that the SdH phase inversion has not been reported in earlier magneto-transport experiments exploring electron heating effects in quantizing magnetic fields. 16, 17 Only recently, two publications have appeared on the observation of SdH phase inversion under dc bias in a GaAs/AlGaAs structure 18 and in a graphene sample. 19 In a high mobility GaAs/AlGaAs structure 18 (mobility ≃850,000 cm 2 /Vs) the phase inversion is discussed in connection with a zero differential resistance effect due to a strong non-linearity attributed to a spectral diffusion phenomenon. In a low mobility graphene sample 19 (electron mobility of about 8,000 cm 2 /Vs) a SdH phase inversion was quantitatively described by the Isihara formula 20 taking into account an electron gas heating effect.
The focus of this paper is to investigate nonlinear effects in the differential resistance of high mobility In x Ga 1−x As/InP Quantum Well (QW) structures over a wide magnetic field range. In particular, we extend our study into the Quantum Hall Effect (QHE) regime which has not been accessible previously, in ref. [18] due to instabilities that were caused by the too high electron mobility and concentration, while in the graphene sample 19 the mobility was too low. Two novel phenomena are observed: (i) a phase inversion of the SdH oscillations which at higher magnetic fields transform into diamond-shaped features and can be linked to previous QHE breakdown experiments; (ii) a Zero Current Anomaly (ZCA) which manifests itself as a narrow dip in the differential resistance at zero dc bias.
To confirm the general nature of the observed phenomena, we repeat these measurements on a standard high-mobility GaAs/Al x Ga 1−x As heterostructure and indeed find the same effects in the both material systems.
II. EXPERIMENTAL DETAILS.
The InGaAs/InP QW high-mobility structure is grown on a semi-insulating (001 The Hall bar is mounted on a sorption pumped 3 He Oxford Instruments Heliox insert equipped with a 5T superconducting magnet. Four-point measurements of the differential resistance, r xx (I dc ) = dV xx /dI, are performed by applying a combination of a dc and a small ac (I ac ≤ 50 nA) modulation through the current contacts (1 and 2 in Fig. 1 (a) ) and measuring the ac voltage drop, dV xx between the potential contacts (3 and 4 in Fig. 1 (a) ) using standard lock-in technique.
After illumination with a red light emitting diode, the 2DEG attains a concentration In the small magnetic fields regime the SdH oscillations in resistance R xx = V xx /I can be described analytically by the following equation:
20,24
where only the first harmonic of the Fourier expansion is retained, R 0 is the zero field resistivity, D q = π /τ q is the Dingle damping parameter, τ q is the quantum lifetime, E F is electron Fermi energy, D T = X T / sinh(X T ) is the thermal damping factor with X T = 2π 2 k B T / ω c , k B being the Boltzman constant, and ω c the cyclotron energy. The above equation is derived using Lorentzian shape of Landau Levels (LL) to calculate electron Density of States (DOS). It should be noted that different LL line shapes have been considered in the literature, in particular, Lorentzian, Gaussian, and SCBA (self-consistent Born approximation) types. 20, [24] [25] [26] For Lorentzian levels the normalized shape of one LL is given by
with a full width at a half maximum FWHM = 2Γ L , where Γ L = /2τ q with B-independent τ q . Summation over all Lorentzian LLs results in the Isihara formula valid for an arbitrary DOS modulation. 20 In the other two cases of a Gaussian 25 ,
2 ), and a SCBA semi-elliptical Landau levels 26 , the width of LLs is proportional to √ B, namely Γ G = ω c Γ L /π. Our numerical simulations of the DOS show that all the three above-mentioned cases coincide exactly with each other at low magnetic fields where eq.(1) is valid. Therefore, we will use eq. (1) in our analysis and modeling the SdH phase inversion effect.
As a first step in our analysis it is necessary to determine electron temperature, T e , as samples. 16, 23 For example, Fletcher et al. 23 found that the experimental energy-loss rate is proportional to the cubic power of the electron temperature for lattice temperatures above 1K. It should be mentioned that a linear dependence of electron temperature vs. I dc was reported in the much lower mobility graphene sample.
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Using the calibration dependence T e (I dc ) we can now numerically simulate the differential resistance in the I dc − B plane using eq.
(1) and the following relation:
where V x = IR xx is the voltage drop measured between potential probes, R xx = R 0 + ∆R xx is the sample resistance in normal magnetic field defined by eq. (1) of the differential resistance as a grey-scale plot vs. magnetic field and dc current. Excellent agreement is evident between theory and the experiment confirming that electron gas heating effect can well account for the observed SdH phase inversion. Qualitatively, the SdH phase inversion stems from the second term in eq. (2), which can attain negative sign due to the negative derivative ∂R xx /∂T e at the SdH maxima. In the next section we will extend our study to higher magnetic fields, in the QHE regime. Fig. 4 , nevertheless, some evidences of such a behavior can be found in earlier experiments on the QHE breakdown.
29-32
The QHE breakdown phenomenon develops as a sudden increase of the magnetoresistance R xx = V xx /I when current increases above certain critical value. After differentiation, data presented in the above references [29] [30] [31] [32] would resemble the transport diamonds under discussion. In our work we extend earlier observations from the QHE regime to small fields and find continuous evolution between SdH phase inversion and the QHE breakdown phenomena. Further experimental and also theoretical studies of such an evolution may provide additional insights into the QHE breakdown phenomenon which is still not fully resolved.
Based on the above observation that the spin-gap diamonds have much smaller slopes let us estimate the effective electron g-factor adopting an approach developed in ref. 32 .
To make diamond edges more visible, Fig. 4 (b) presents the derivative with respect to the magnetic field of the smoothed data from Fig. 4(a) , dr xx /dB = d 2 V xx /dBdI. Straight lines 1 and 2 in this figure are fitted through the diamond edges at neighboring filling factors ν= 5 and 6, respectively. Line 2' has the same slope as line 2 and is plotted to facilitate the comparison of the slopes at different filling factors, ν =6 and 8, which do not noticeably change with magnetic field.
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We estimate the effective g-factor from the ratio of the transport diamond slopes assuming that the slope angles are proportional to the corresponding gaps, ω c and g * µ B B. Such an approach can be justified by making the reasonable assumption that the same mechanism is ultimately responsible for the diamonds at both even and odd filling factors, which differ only by their energy gaps. Using the ratio of slopes in Fig. 4(b) and the electron effective mass from ref. 33 ,34 m * = 0.047m 0 , where m 0 is the free electron mass, we arrive at the following value for the effective electron g-factor at B=4.7 T (ν=5): g * =8.2. The theoretical value of g-factor for our In x Ga 1−x As/InP QW sample 22,35 (x=0.76, w=10 nm, E F =27 meV)
is | g(E F ) |=5.45. This value is smaller than the experimental g * =8.2 obtained from Fig. 4 and is not surprising because an enhanced g-factor is often observed in magnetotransport measurements due to many-body electron-electron exchange interactions. 6.5 to 9 obtained from magnetotransport measurements using the LL coincidence method in tilted magnetic fields.
To evaluate the activation energy gap of the ν=5 spin split minimum, we have also performed temperature measurements of R xx . From temperature activation measurements (not shown) we extract g*=1.4, smaller than the g-factor obtained above from the corresponding spin diamond slopes. We attribute this difference to the fact that ν=5 is, actually, the first well resolved spin-split minimum (n.b. higher magnetic fields were not available) at which LL broadening is still comparable with the spin gap. Specifically, in temperature activation experiments one measures an effective energy gap between Landau levels, which also involves the Landau level width, Γ: E a = g * µ B B − Γ. From the above results it appears that the diamond slopes depend only on the B-dependent ω c and g * µ B B values and therefore Γ may be excluded. This empirical assumption will require further theoretical confirmation, which is beyond the scope of this article.
V. ZERO CURRENT ANOMALY.
In Fig. 4 there is a peculiar feature near zero dc current that we refer to as a zero current anomaly effect, ZCA, which has has not been previously reported in magnetotransport measurements. used in the QHE regime: we choose a SdH minimum where the ZCA dip is close to zero at the lowest temperature (B=1.72 T in Fig. 6(a) ) and plot r xx in logarithmic scale as a function of inverse temperature. This activation plot is presented in Fig. 6(b) . The solid line gives an exponential fit ∝ exp(−∆/T ) with ∆ = 0.67 K, or 58 µeV in energy units.
The cyclotron gap at B=1.72T is 4.2 meV, which is almost two orders of magnitude larger than ∆. In the following we compare this value of ∆ to that obtained using an alternative approach.
As is evident from Figs. 4 and 5, the diamond slopes (once formed) do not noticeably change with magnetic field and therefore the cyclotron gap diamond slopes can be used to estimate the energy scale of the ZCA effect. In order to estimate the ZCA width in energy units we first calibrate the effective electric field acting upon conduction electrons.
We use the cyclotron gap diamond ν=10 in Fig. 5 for this purpose. The linear dependence of the diamond edges indicates that the effective field is proportional to the magnitude of I dc . The ν=10 diamond (at B=2.06 T and highlighted in Fig. 5 by dashed lines) closes at I dc ≈ 50 µA. The electron effective mass m * =0.047m 0 , 34 gives us the cyclotron energy ω c = 5.1 meV. Using these numbers, from Fig. 5 we calculate the slope angle in units of electron energy per unit current edV * /dI dc ≈50 eV/A and a corresponding effective electric field
where E * is in V/m, and I dc in µA. Having this slope calibration we can estimate now the width of the ZCA dip in µeV. For the data presented in Fig. 6 (a) at a SdH maximum (B max =1.58 T) the FWHM ∆ ZCA ≈ 3 µA, which according to the above calibration is equivalent to 150 µeV. Note that this estimate is valid at maxima of SdH oscillations where the current density and electric field are uniformly distributed across the Hall bar width. At SdH minima when r xx is close to zero, the above estimate may not be valid due to edge state effects leading to a non-uniform distribution of electric field. This is consistent with a wider ZCA dip in Fig. 6 (a) at the SdH minima where the resistivity is close to zero.
We have verified that the ZCA is not a contact effect by performing 4-point, 3-point and 2-point measurements using different sets of contacts, from which we conclude that the Fig. 1 (b) ) at T=270 mK and B=2.2 T; (1) w=100 µm and (2) w=10 µm.
VI. NONLINEAR TRANSPORT MEASUREMENTS IN A GaAs/AlGaAs HET-EROSTRUCTURE.
In order to find out whether the observed phenomena are related to specific properties of the InGaAs/InP material system, e.g. related to its large electron effective g-factor and spin-orbit coupling, we have conducted a similar experiment on a Hall bar (w=200 µm)
fabricated from a standard high mobility GaAs/AlGaAs heterostructure. The 2DEG in this structure had a density of 2.4×10 11 cm −2 and a mobility of 2. observed features are sharper in the GaAs/AlGaAs structure due to much higher electron mobility.
From the ratio of the diamond slopes marked in Fig. 8(a) by dashed lines, and knowing the electron effective mass in GaAs m * = 0.067m 0 , we estimate g * =1.9 at ν=5. Again, this value is larger than the bare |g|=0.44 g-factor in GaAs due to electron-electron exchange interactions as discussed above. 16, 37 From the temperature activation measurements (not shown) of the corresponding SdH minima (ν=5) we obtain g*=1.8. The two values of gfactor obtained from transport diamonds and from the activation plot are now much closer to each other than those measured in InGaAs/InP. This is related to the much higher electron mobility in the GaAs/AlGaAs sample and, consequently, a smaller Landau level width, Γ, leading to a smaller correction to the activation energy gap E a = g * µB − Γ. From ν=6 diamond in Fig. 8(a) This important observation indicates that the transport diamonds are driven by the nondissipative component of the conductivity tensor, which does not depend on the transport relaxation time.
It is evident from Fig. 8(a) that the ZCA effect is also present in the GaAs /AlGaAs sample, although it is somewhat narrower than in InGaAs, apparently, due to smaller disorder in a higher mobility sample leading to a smaller ZCA activation energy. Indeed, applying the same procedure as in the case of InGaAs/InP above, we find ∆ ZCA ≈ 40 µeV at B=1.51 T, which is approximately 4 times smaller than the value of ∆ ZCA obtained in InGaAs. This indicates that the ZCA width is sensitive to disorder (potential fluctuations). The ZCA in a higher mobility GaAs/AlGaAs structure is expected to become more pronounced at lower temperatures when the thermal energy becomes smaller than the corresponding activation energy ∆ ZCA .
Since the ZCA effect is observed in both InGaAs and GaAs samples it may be concluded that the ZCA is a fundamental property of a 2DEG. It can possibly originate from a Coulomb gap in the one-particle DOS of interacting electrons in the presence of disorder and magnetic field. 38,39 Such a DOS anomaly has been observed as a zero-bias anomaly (ZBA) in 2D tunneling experiments. [40] [41] [42] [43] Another phenomenon that has been recently actively discussed in the literature is the ZCA in the I-V characteristics of quantum point contacts (QPC).
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The ZBA in QPC experiments has very similar characteristics compared to the ones reported in this work, e.g. in ref. 46 the ZBA has a width of ≈100 µeV and has a similar temperature dependence vanishing above 1 K. Therefore, the results reported in this work may provide additional insights into the origin of these separate, but perhaps related, phenomena.
VII. CONCLUSIONS
In summary, we have studied nonlinear transport phenomena in Hall-bar samples prepared from InGaAs/InP and GaAs/AlGaAs structures containing a high-mobility 2DEG.
Two non-linear phenomena, SdH phase inversion and ZCA, have been observed in both the material systems. It is shown that the SdH phase inversion can be well described by Isihara's equation 20 taking into account electron heating effects. 19 A stripe-like pattern of the SdH inversion effect evolves into diamond-shaped structures in the QHE regime with linear slopes. The observed transport diamonds at even and odd filling factors can be used for gaining information about the effective electron g-factor and, in principle, for probing other many-particle gaps; e.g. we speculate that such a technique may be used for testing energy gaps in the fractional quantum Hall regime. The ZCA effect is another curious phenomenon to be understood. This phenomenon is observed as a sharp dip in r xx vs. I dc at temperatures below 1 K in a wide range of quantizing magnetic fields. It will be interesting to find out whether the observed ZCA phenomenon is linked to other 2DEG experiments where a zero bias anomaly is observed. 
